Guided wave dispersion is observed from earthquakes at 180-280 km depth recorded at stations in the fore-arc of Northern Chile, where the 44 Ma Nazca plate subducts beneath South America. Characteristic P-wave dispersion is observed at several stations in the Chilean fore-arc with high frequency energy (>5 Hz) arriving up to 3 s after low frequency (<2 Hz) arrivals. This dispersion has been attributed to low velocity structure within the subducting Nazca plate which acts as a waveguide, retaining and delaying high frequency energy. Full waveform modelling shows that the single LVL proposed by previous studies does not produce the first motion dispersion observed at multiple stations, or the extended P-wave coda observed in arrivals from intermediate depth events within the Nazca plate. These signals can however be accurately accounted for if dipping low velocity fault zones are included within the subducting lithospheric mantle. A grid search over possible LVL and faults zone parameters (width, velocity contrast and separation distance) was carried out to constrain the best fitting model parameters. Our results imply that fault zone structures of 0.5-1.0 km thickness, and 5-10 km spacing, consistent with observations at the outer rise are present within the subducted slab at intermediate depths. We propose that these low velocity fault zone structures represent the hydrated structure within the lithospheric mantle. They may be formed initially by normal faults at the outer rise, which act as a pathway for fluids to penetrate the deeper slab due to the bending and unbending stresses within the subducting plate. Our observations suggest that the lithospheric mantle is 5-15% serpentinised, and therefore may transport approximately 13-42 Tg/Myr of water per meter of arc. The guided wave observations also suggest that a thin LVL (∼1 km thick) interpreted as un-eclogitised subducted oceanic crust persists to depths of at least 220 km. Comparison of the inferred seismic velocities with those predicted for various MORB assemblages suggest that this thin LVL may be accounted for by low velocity lawsonite-bearing assemblages, suggesting that some mineral-bound water within the oceanic crust may be transported well beyond the volcanic arc. While older subducting slabs may carry more water per metre of arc, approximately one third of the oceanic material subducted globally is of a similar age to the Nazca plate. This suggests that subducting oceanic lithosphere of this age has a significant role to play in the global water cycle.
Introduction
Subducting oceanic crust is widely thought to deliver large amounts of water to the mantle, some of which is thought to be released from the slab (causing intermediate depth earthquakes) and rise through the mantle wedge to cause arc volcanism. This release of water is thought to occur as hydrous mineral assemblages lose their bound water through metamorphic reactions due to increased temperature and pressure. Some water however is car-ciated with low velocity hydrated minerals that have not transformed to eclogite in the subducted oceanic plate (Abers, 2000; Martin et al., 2003) . Detailed analysis of guided wave observations from upper plane Wadati-Benioff zone (WBZ) events in Northern Japan suggest that low velocity hydrated mineral assemblages may persist to much greater depths than is predicted by thermal and petrological modelling of these dehydration reactions (Garth and Rietbrock, 2014a) . Observations from lower plane WBZ seismicity in Northern Japan also suggest that these events may be directly associated with low velocity channels, caused by serpentinised outer rise normal faults that penetrate the subducting slab mantle Rietbrock, 2014a, 2014b) .
Outer rise faulting has been proposed as an effective method of hydrating the lithospheric mantle and accounting for the occurrence of lower plane WBZ seismicity through dehydration processes (e.g. Peacock, 2001 ). Seismic reflection profiles have shown the presence of outer rise faults penetrating the lithospheric mantle in Nicaragua (Ranero et al., 2003) and Central Chile (Grevemeyer et al., 2005) and an associated drop in heat flow due to the onset of serpentinisation is observed at the outer rise in both of these subduction zones (Grevemeyer et al., 2005) . More recently the hydrated zone where these dipping outer rise normal faults penetrate the oceanic crust has been constrained in Nicaragua using electromagnetic methods (Naif et al., 2015) , showing that the geometry of the hydrated structure is controlled by the outer rise faults. Geodynamic modelling of the formation of outer rise normal faults suggests that the extent to which these faults penetrate into the subducting plate may increase with depth within the subduction zone, as fluids are forced down as the subducting slab unbends (Faccenda et al., 2009 (Faccenda et al., , 2012 ). These models demonstrate the mechanism by which the lithospheric mantle may become hydrated, allowing lower plane WBZ seismicity to occur due to the associated dehydration reactions.
In Northern Chile outer rise faulting is apparent from the bathymetry of the oceanic plate close to the trench (Fig. 1) . Constraints from refraction tomography and gravity inversion in the area suggest that at the trench an approximately 20 km thick layer of hydrated lithospheric mantle is present beneath the subducting oceanic crust (Ranero and Sallares, 2004) . It is proposed that these outer rise normal faults (and other structures within the subducting plate) are reactivated in the WBZ (Rietbrock and Waldhauser, 2004; Ranero et al., 2005) , suggesting that these fault zone structures persist to intermediate depths within the subduction zone.
Analysis of guided waves from intermediate depth earthquakes in Northern Japan has shown that low velocity hydrated fault zone structures persist to depths of up to ∼150 km and can therefore account for lower plane WBZ seismicity. Additionally, analysis of the P-wave coda from these events provides a constraint on the hydration of the subducted lithospheric mantle, showing that this part of the subducting slab is highly hydrated and carries approximately 90% of the water transported to the mantle (Garth and Rietbrock, 2014b) .
This study concerns the South American subduction zone in Northern Chile, where the 44 Myr Nazca plate is subducted beneath the South American plate at approximately 78 mm/yr (van Keken et al., 2011) . This much younger and therefore warmer subducting oceanic crust contrasts with the 130 Myr cooler oceanic crust subducting in Northern Japan Rietbrock, 2014a, 2014b) . Our results therefore provide a test of whether the low velocity features observed in Northern Japan are unique to older subducting oceanic plates or are more ubiquitous feature of subduction zones with a variety of ages and thermal properties. The results also provide crucial information about how much water is transported by the lithospheric mantle in 'younger' subduction zones and therefore provides vital evidence for estimating the overall water budget in the Earth's mantle. -2014 (International Seismological Centre, 2014 ) is shown in red, and slab contours are shown from slab1.0 (Hayes et al., 2012) . The IPOC broadband seismic network (GFZ German Research Centre for Geosciences, 2006), temporary stations used in Bolivia (West and Christensen, 2010) , and IU station LVC are shown by the inverted yellow triangles. The stations used in the grid searches are highlighted and labelled. The blue box shows the profile location given in the bottom panel. b) Local seismicity located with temporary networks is shown in grey, and well located events from the ISC bulletin are shown in red. The slab geometry of slab1.0 (Hayes et al., 2012) is indicated by the dashed black line and the chosen model geometry is given by the blue line. The blue triangle shows the location of the coast. c) Bathymetry is shown in grey, with the outer-rise fault structures identified by Ranero et al. (2005) highlighted in yellow. The area plotted is shown by the dashed white box in a). d) A histogram showing the number of faults with specific fault spacing. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Subduction zone guided waves have previously been observed in the study area from temporary seismic deployments (Martin et al., 2003 (Martin et al., , 2005 Martin and Rietbrock, 2006) , and studies suggest that a relatively thin (<4.5 km thick) low velocity layer (LVL) persists to a depth of at least 160 km (Martin et al., 2003) . Guided wave arrivals are seen as energy decouples from the slab due to the bend of the slab (Martin et al., 2003; Martin and Rietbrock, 2006) , and at shallower depths due to contact with the low velocity over riding plate (Martin et al., 2005) . In this paper we present new guided wave observations from the South American subduction zone, recorded on permanent broadband stations in Northern Chile. We explore the new resolution that can be gained by constraining the guided wave dispersion with full waveform models, adapting the techniques developed in previous subduction zone guided wave studies in Northern Japan Rietbrock, 2014a, 2014b) .
We show that dispersed arrivals recorded in Northern Chile cannot be explained solely by a single LVL as such a model cannot account for the extended P-wave coda observed at stations close to the trench where the decoupled guided wave is observed. However, the addition of dipping low velocity normal fault structures not only accounts for the extended P-wave coda, but also allows the clear dispersion of P-wave arrivals observed to be accurately simulated.
Guided wave observations
Guided wave arrivals are observed at stations in the subduction zone fore-arc in the Antofagasta region of Northern Chile. In this area prevalent WBZ seismicity is present to depths of up to ∼300 km (Fig. 1 ) and guided wave arrivals are observed on permanent broadband seismometers from the Global Seismic Network (GSN) and the Integrated Plate Observatory Chile (IPOC) (GFZ German Research Centre for Geosciences, 2006) . Additional stations from the temporary seismic array in Southern Bolivia (West and Christensen, 2010) are used to give an overview of the development of the guided waves arrivals observed across the arc.
The characteristic dispersion observed at stations PB06 and LVC for events at 180-280 km depth is shown in Fig. 2 . The high frequency arrivals are delayed by several seconds, with the delay increasing with the depth of the source. As a typical example of the available data Fig. 2 shows the first ten intermediate-depth earthquakes to occur during 2010, with additional selected events to fill gaps in the depth profile. Due to the large number of intermediate depth events in this part of Chile, it is not possible to show all events for a larger time span. Events showing the clearest dispersion are then used for further analysis.
Local seismicity
In many subduction zones it is noted that the depth of WBZ events is underestimated by global catalogues when compared to local catalogues (Syracuse and Abers, 2006) . In Northern Chile well constrained earthquake locations from dense temporary seismic deployments in the region (e.g. Martin et al., 2003) show far less scatter and systematically plot deeper than the global PDE catalogue. In this study the slab geometry is therefore constrained using the accurate locations from the dense temporary networks. In addition, we select events from the ISC bulletin (International Seismological Centre, 2014) that are located using four or more depth phase observations to increase depth accuracy. The depth range of these events is in good agreement with the depth range of events from the dense temporary networks as shown in Fig. 1 . Locations from the PDE catalogue are used to identify potential events that may show guided wave dispersion, so events are not ruled out if there are no clear depth phases. For the purpose of modelling, it is assumed that these earthquakes occur close to the well constrained slab geometry, effectively correcting the depth of these events.
Guided wave dispersion observations
Guided waves are identified using a Gaussian taper spectrogram to determine the relative arrival times of different frequency components of the dispersed P-wave arrival (Abers, 2000 (Abers, , 2005 Rietbrock, 2014a, 2014b) . The spectrogram is plotted at 0.25 Hz intervals from 0.25-12 Hz, as shown in Fig. 3 . Dispersed arrivals are seen from events at intermediate depths within the Fig. 1. b) The low-pass filtered waveforms (<5 Hz) in grey and high-pass filtered waveform (>12 Hz) in blue recorded at station PB06. On both panels the waveforms are aligned to the first arrival, which is shown by the grey dashed line. The delayed high frequency arrival is shown by the red dashed line. c) Shows the unfiltered waveform for the same events recorded at the station LVC, and d) shows the events recorded at LVC filtered as described in b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) WBZ, with higher frequencies (>5 Hz) delayed by 1-3 s. It is noted that the lowest frequency that is delayed by a second or more is significantly higher in this setting than for similar observations in Northern Japan Rietbrock, 2014a, 2014b) and other subduction zones (Abers, 2000 (Abers, , 2005 .
Guided wave dispersion is observed at stations in the fore-arc as the high frequency energy decouples due to the bend of the subducting slab (Martin et al., 2003; Martin and Rietbrock, 2006) . Therefore we would only expect to see clear decoupled guided waves and the associated dispersion in a specific window within the fore-arc. The delay of high frequency arrivals increases with depth within the subduction zone for arrivals recorded at both stations PB06 and LVC, as the high frequency guided wave from deeper events interact with the low velocity structure in the subducting slab for longer. At other stations in the IPOC network that are closer to the coast, dispersion is seen less clearly as they are further from the 'decoupling window'. Arrivals at these stations may also be affected by guided wave energy that has decoupled due to contact with the overriding plate. Outside of the decoupling window (>350 km from the coast) a much sharper P-wave arrival with no strong coda is seen in both the models and the recorded data as shown in Fig. 4 . The nature of the dispersed arrivals observed at stations PB06 and LVC also differs as the two sites are located at different offsets from the slab bend and therefore sample different proportions of the guided and direct wave-field. The dispersed arrivals for a single event at 218 km depth, recorded at both PB06 and LVC are shown in Fig. 3 . The observed waveform is shown in black and white, while the synthetic waveform shown in red as described in more detail in section 4.
Although both waveforms are from the same event, the arrivals look markedly different due to their position within the decoupling window. At station LVC we do not see the full characteristic dispersion that is often associated with subduction zone guided wave arrivals. In the spectrogram we see a relatively undispersed arrival until >6 Hz, after which higher frequency energy that is delayed by ∼2 s arrives. In addition the velocity spectra show that the signal appears to be dominated by low frequency energy. This suggests that the high frequency energy that is retained within the waveguide has not fully decoupled and so is not dominant in the wave-field observed at this point in the fore-arc.
A more clearly dispersive signal is seen for the same event at the station PB06. The spectrogram shows that frequencies below 2 Hz are un-delayed, frequencies above 6 Hz are fully delayed, while intermediate frequencies (between 2-6 Hz) become progressively more delayed with increasing frequency. The velocity spectrum of the signal at PB06 shows that there is far more high frequency energy at this station, as it is further into the decoupling window where the decoupled guided wave energy is seen. This progressive onset of observed guided wave dispersion with distance up-dip of the decoupling point is captured in the synthetic models shown in Fig. 3 .
The spectrogram gives a first order indication of the low velocity structure, with low frequencies (<2 Hz) arriving first as they are relatively unaffected by the low velocity structure. Intermediate frequencies (2-6 Hz) become progressively more delayed with increasing frequency, and high frequencies (>6 Hz) are fully delayed, as the wavelengths are small compared to low velocity structures such as the LVL and faults within the subducting slab.
Modelling and constraining subduction zone guided waves
The dispersed guided wave arrivals are simulated using the 2D finite difference (FD) full waveform modelling software sofi2D (Bohlen, 2002) . This leads on from previous studies that have used full waveform modelling to simulate the effect of the subduction zone waveguide on the frequency content of the dispersed signal (Martin et al., 2003; Martin and Rietbrock, 2006) , the extended P-wave coda of the signal (Garth and Rietbrock, 2014a; Furumura and Kennett, 2005) , and the delay of the high frequency arrivals Rietbrock, 2014a, 2014b) .
Here we employ the methodology developed by Rietbrock (2014a, 2014b) , which combines these approaches and constrains the guided wave arrival in both the frequency domain, using the velocity spectra, and the frequency-time domain using a spectrogram. We also consider the extended P-wave coda that is seen in the Chilean fore-arc, to add additional constraints on the low velocity structure at depth.
Waveform model setup
The synthetic waveforms are calculated up to a frequency of 12 Hz by a 2D FD waveform propagation model with a 25 m grid spacing (Bohlen, 2002) . Simulations are carried out with an explosive spike seismic source to simulate the entire P-wave spectrum. Intermediate depth seismicity in the subducting Nazca plate is dominated by down-dip extensional earthquakes (e.g. Rietbrock and Waldhauser, 2004) , and it has been shown that an explosive source is a good approximation of the up dip P-wave radiation pattern (Martin and Rietbrock, 2006) . The seismic source is positioned in the centre of the LVL, as synthetic tests show that for the velocity model proposed, guided wave dispersion is seen most clearly when the source is located within the lower two thirds of the LVL. Source positions in the upper third of the LVL show minimal change in the overall waveform and velocity spectra, however the position of the source does affect the relative amplitude of the guided wave and other phases (Martin and Rietbrock, 2006) hence affecting the clarity of the dispersion. Simulations are carried out in an elastic medium as the P-wave attenuation in the Chilean fore-arc has been shown to be very low (e.g. Schurr et al., 2003) , and previous guided wave studies have shown that the effect of elevated attenuation in the subduction zone system are minimal (Garth and Rietbrock, 2014a) .
Inferring velocity model
The velocities of the subducting slab, surrounding mantle, and overriding plate are based on local tomographic studies of the area (Schurr et al., 2003; Graeber and Asch, 1999) . A thin LVL overlays the fast slab, as proposed by previous guided wave studies in the area (Martin et al., 2003 (Martin et al., , 2005 Martin and Rietbrock, 2006 ). The velocity model also includes dipping low velocity fault zone structures, similar to those inferred in Northern Japan (Garth and Rietbrock, 2014b) . The thickness and velocity contrast of the LVL is varied, along with other parameters such as fault spacing and thickness. The resulting waveforms are then compared to the observed waveforms to constrain the characteristics of the low velocity structure within the subducted slab.
The velocity model is shown in Fig. 5 , along with snapshots of the developing wave-field. Fig. 5b shows how seismic energy interacts with the proposed low velocity structures within the slab. High frequency energy is retained within the low velocity waveguide and decouples from the waveguide due to the bend of the slab e.g. Martin et al. (2003) . This produces the dispersed arrivals in the guided wave decoupling window that is approximately 100-300 km from the trench. Sharper undispersed arrivals are observed further from the trench, as these seismic waves have not interacted with the low velocity structure of the slab (Fig. 4) .
Waveform comparison
The methods developed by Garth and Rietbrock (2014a) are used to constrain the dispersed guided wave arrivals recorded in the Chilean fore-arc. The relative arrival time of the peak energy in each frequency band of the spectrogram is compared to give the spectrogram misfit. The normalised amplitudes of the velocity spectra of the observed and modelled waveform are compared in order to give the velocity spectra misfit and constrain the relative amplitude of the different frequency bands. Using these two respective methods to determine the relative arrival time and amplitude at a given frequency respectively, allows the full dispersive waveform to be directly constrained. The synthetic and observed dispersed waveforms, low pass filtered at 2.5 Hz, are then compared providing additional constraint on the phase of the low frequency part of the waveform.
These three measures of misfit are then combined into a normalised overall misfit value following Garth and Rietbrock (2014a) . The combined misfit is calculated with a 40% weighting on each of the spectrogram and velocity spectra misfits (M spec and M velspec respectively) and a 20% weighting on the misfit of the low pass filtered waveform (M wave ), using the formulation shown below.
Combined Misfit
Equal weighting is given to both the spectrogram and velocity spectra as they are sensitive to different features of the velocity structure. Comparing both measures of the dispersed waveform gives a tighter constraint on the velocity structure and removes potential trade-offs between the velocity and width of the waveguide (Garth and Rietbrock, 2014a) . The misfit of the waveform is given a lower weighting as it has been low pass filtered at 2.5 Hz and therefore the high frequency part of the wave-field is neglected.
Constraining the low velocity structure of the slab
The combined misfit is used to inform a grid search for the properties of the low velocity structures in the subducted slab. A range of potential parameters are tested to constrain the average velocity of the low velocity structure, the thickness of the LVL, as well as the thickness and spacing of the low velocity faults structure within the lithospheric mantle. The misfit between the observed waveforms and synthetic waveforms produced for each velocity model can then be used to constrain the low velocity structure present in the down-going slab.
Initially the guided wave observations presented here were tested against the optimum single LVL model proposed to explain guided wave observations in this region (Martin et al., 2003; Martin and Rietbrock, 2006) . A cross-section comparing the waveforms produced by this velocity model with recorded waveforms from across the fore-arc is shown in Fig. 4 . The decoupled guided arrivals can be seen at distances of less than ∼300 km from the trench. The waveforms are however dominated by a sharp first arrival that is not seen in the guided wave dispersion observations.
While some evidence of dispersion is present in the spectrogram for the single LVL model, this model does not account for the clear delay of the higher frequency at stations PB06 or LVC, in the fore-arc. The waveform is dominated by the undispersed first arrival of a refracted phase travelling below the oceanic Moho of the subducted slab. The single LVL model also does not recreate the extended P-wave coda associated with arrivals from intermediate depth earthquakes recorded in the Chilean fore-arc (Fig. 4) .
We therefore test velocity models including dipping low velocity normal fault structures, as inferred within the subducted lithospheric mantle of Northern Japan (Garth and Rietbrock, 2014b ) and imaged at the outer rise in several subduction zones e.g. (Ranero et al., 2003; Grevemeyer et al., 2005; Naif et al., 2015) . These low velocity structures within the upper lithospheric mantle of the subducted slab dissipate the refracted phase, reducing its relative amplitude. This allows the characteristic dispersion associated with the guided wave arrival to be accurately simulated at fore-arc stations in models that include dipping low velocity fault zones. The addition of dipping low velocity fault zones in the velocity model also recreates the strong P-wave coda noted at stations across the Chilean fore-arc (Fig. 4) .
Previous studies have shown that a random scattering media in the subducted plate can account for the extended P-wave coda from intermediate depth earthquakes (Garth and Rietbrock, 2014b; Furumura and Kennett, 2005 ). However we find that only a sharp and strong velocity contrast within the lithospheric mantle is able to explain the observed amplitude ratio between refracted and guided wave arrivals shown in Fig. 2 . We propose that this strong velocity contrast is due to low velocity structure associated with fault zones that are present at intermediate depths within the subducted slab.
Grid search for low velocity structure
In order to constrain the low velocity structure of the subducting slab, we must consider variations in the structure of both the upper LVL and the low velocity fault structures proposed here. In order to do this we construct a large scale grid search to constrain the proposed intermediate depth low velocity structures in the subducted Nazca plate. We test a range of average velocities for the low velocity structure between 7.2 and 7.8 km/s, and a range of LVL widths between 0.5 and 4.0 km. In addition, a range of fault zone spacings of between 2.5 and 10.0 km and fault zone widths between 0.25 and 2.0 km are tested. The dip of the fault zones is fixed at 25 • relative to the surface of the down going plate and for simplicity an average velocity is set for the whole of the proposed low velocity structure. In the models presented, the length of the faults is assumed to be 75 km, meaning they penetrate to a depth of ∼35 km below the slab surface. A range of fault lengths have been tested to investigate the effect of the depth extent of the hydrated fault zones on the synthetic waveforms. We find that varying the depth extent of the faults and therefore the thickness of the hydrated zone has no significant effect on the observed dispersion. The position of the source within the LVL is shown to have a minimal effect on the overall dispersion seen, but most dispersion is seen if the source is in the lower portion of the LVL. The source is therefore fixed to the centre of the LVL, as described in section 3.1. The resulting grid space is shown in Fig. 6 , where the average of the combined misfit at stations PB06 and LVC is shown for the range of models. The grid of models shows that the best fitting dispersion is seen for events that have a fault spacing of 5.0-10.0 km, and a fault width of 0.5-1.0 km. For each of these models the average velocity of the proposed low velocity structures is constrained to be 7.4-7.6 km/s, and the thickness of the overriding LVL is tightly constrained to 1 km.
In order to better understand the range of parameters that fit the dispersion, two slices are taken through the parameter grid. Fig. 7 shows a slice through the grid demonstrating the variation in misfit due to varying the LVL width and the average velocity of the low velocity structure, assuming a fault zone width of 1 km and fault zone spacing of 10 km. Fig. 8 shows a slice through the parameter grid showing the resolution of the low velocity fault zone structure, assuming a fixed average velocity of 7.5 km/s, and a LVL thickness of 1 km. In both Fig. 7 and 8 the model misfit for each of the stations considered is shown.
The subsection shown in Fig. 7 demonstrates that the width of the LVL is tightly constrained to 1 km, and that the bulk velocity of the fault zone structure is constrained to 7.4-7.6 km/s. For both stations the spectrogram fit favours a slightly slower seismic velocity than the velocity spectra. Overall the structure of the LVL is more tightly constrained at the station PB06 than at station LVC, though the best fitting models are in good agreement. This range of possible velocities is confirmed by the full misfit grid shown in Fig. 6 . The thin LVL inferred here is consistent with the single LVL structure proposed in previous studies in the area (e.g. Martin et al., 2003) .
The subsection of the model space shown in Fig. 8 shows the range of different faulting models that can potentially explain the observed P-wave dispersion. For both stations considered there is notable agreement in the best fitting models between the spectrograms and velocity spectra, while the low-pass filtered waveform fit seems less sensitive to this structure. The dispersion observed at station LVC is explained by a wider range of fault zone structures than the station PB06. However, the dispersion constrained at both stations is consistent with low velocity fault zone structures of 0.5-1.0 km width, with a spacing of 5-10 km. This spacing is consistent with the spacing of fault scarps apparent in the bathymetry at the outer rise which have a range of spacing from 2.5-10 km (Grevemeyer et al., 2005; Ranero et al., 2005) , as shown in Fig. 1. 
Waveform fits
The synthetic waveforms produced by the best fitting model are directly compared to the dispersed waveforms observed at station PB06 and LVC in Fig. 3 . The model shown has a fault spacing of 10 km, a fault width of 1.0 km, a LVL width of 1.0 km, and the low velocity structure has a velocity of 7.5 km/s. Fig. 9 shows a comparison of waveforms produced using the best fitting velocity model with dispersed arrivals recorded at station PB06, from earthquakes at depths between 140 and 220 km.
The spectrogram of these events shows that the delay of the high frequencies increases with earthquake depth, as shown for a wider range of events in Fig. 2 . The synthetic model shows that the dispersion seen in the P-wave arrivals from these events is explained well by the best fitting model described above. The model captures the variation in the spectrogram seen for the events of different depths well. The broad features of the velocity spectra are also reproduced well. The quality of the fit for these shallower events suggests that there is no detectable variation in the bulk properties of the low velocity structure of the slab with depth.
Discussion
The results presented here offer a new constraint on the fine scale velocity structure of the subducting Nazca plate beneath Northern Chile, and suggest that the low velocity structures related to both metastable oceanic crust, and hydrated lithospheric mantle persists to depths of at least 220 km. Previous guided wave studies in this region have suggested that a single 2-4 km thick LVL of un-metamorphosed oceanic crust may persist to depths of at least 160 km (Martin et al., 2003; Martin and Rietbrock, 2006) . In this study we confirm the persistence of a thin LVL of approximately 1 km thickness, and suggest that this LVL may persist to at least 220 km depth.
Additionally we show that in order for the clear P-wave dispersion to be observed, the LVL must be accompanied by low velocity fault zone structure within the lithospheric mantle of the subducted plate. Although we cannot completely rule out alternative scattering models, we propose that the most likely explanation for this scattering structure is serpentinisation of the lithospheric mantle due to normal faulting at the outer rise. This interpretation is supported by a wide range of geophysical observations suggesting normal faulting is pervasive at the outer rise in Northern Chile (Ranero and Sallares, 2004; Ranero et al., 2005) , and other similar subduction zones e.g. Ranero et al. (2003) , Grevemeyer et al. (2005) , Naif et al. (2015) .
Low velocity fault zone structure in the subducting slab
It has been shown that the introduction of low velocity dipping normal faults significantly improves the match between the synthetic and observed waveforms (e.g. Fig. 2 ). Similar scattering structures have been inferred in subducted oceanic lithosphere beneath Northern Japan, and two main hypotheses have been suggested to explain the strong P-wave coda seen here. The first attributes the low velocity scattering structures produced during the formation of the oceanic plate (e.g. Furumura and Kennett, 2005) . The second attributes the scattering structure to low velocity structure introduced at the outer rise due to normal faults hydrating the oceanic lithosphere as the plate bends (Garth and Rietbrock, 2014b) . Previous studies have shown that the P-wave coda is relatively insensitive to the orientation of the scattering material (Garth and Rietbrock, 2014b) , therefore we cannot rule out either model from the observations presented. In Northern Chile however normal faults are clearly observed at the outer rise (Ranero et al., 2005) , and there is evidence these structures are reactivated at depth (Ranero et al., 2005; Fuenzalida et al., 2013) . There is also strong evidence that hydration due to outer rise faulting causes a significant drop in P-wave velocity as the plate bends into the subduction zone ( Ranero and Sallares, 2004) . We therefore propose that the dominant cause of the low velocity scattering structure inferred within the subducting Nazca plate can be attributed to this outer rise hydration.
This study shows that the serpentinised normal faults that cause the reduced velocities at the outer rise and act as fluid pathways as the plate subducts, may persist as distinct low velocity structures within the slab to depths of at least 220 km. The observation that both a layer of low velocity material at the top of the subducted slab and dipping low velocity normal faults within the subducted slab mantle, suggests that the pervasive WBZ earthquakes at depths of up to ∼250 km occur in close proximity to low velocity and potentially hydrous mineral assemblages. 
Comparison with predicted mineral velocities
To interpret the inferred velocity structure, we calculate theoretical P-wave velocities for possible mineral assemblages expected to be present within the oceanic crust and hydrated upper lithospheric mantle (e.g. Hacker et al., 2003a Hacker et al., , 2003b . P-wave velocities are calculated at up to 250 km depth for MORB mineral assemblages predicted to be stable at different pressure-temperature (P-T) conditions within the subducting slab and are shown in Fig. 9 . The velocities of serpentinised and un-hydrated mantle material are also calculated for the relevant depths. The velocities and water contents of the relevant phases are calculated using the Excel macro of Hacker and Abers (2004) together with the predicted P-T path for subducting Nazca plate beneath Northern Chile of Syracuse et al. (2010) . The resulting velocities are compared with the best fitting velocities inferred for the thin LVL as shown in Fig. 10 .
The velocities seen are significantly lower than the eclogite phases that are predicted to be stable at these P-T conditions, and are comparable with hydrated lawsonite bearing MORB mineral assemblages such as a jadeite lawsonite blueschist. Guided wave observations from several events at different depths give constraints on different parts the velocity structure at 140-220 km depth, and can be modelled by a constant LVL velocity of 7.5 km/s. Our observations therefore do not detect any significant velocity changes in this depth range. It is noted that the same width of LVL accounts for the dispersion observed from events of different depths, suggesting that the width of the low velocity waveguide also does not change significantly within this depth range.
These new observations imply that a seismically distinct part of the oceanic crust remains unreacted to depths of at least 220 km, well beyond the P-T conditions where eclogite facies are thought to be stable. The velocities inferred suggest that the LVL may consist of metastable lawsonite bearing MORB phases. Previous guided wave studies in Northern Chile have suggested that the thin LVL may be explained by anhydrous gabbros, that remain unreacted due to a lack of water to catalyse the reaction (Martin et al., 2003; Martin and Rietbrock, 2006) . Given the large amount of water suggested to be present in the serpentinised lithospheric mantle this model seems less favourable. It also seems unlikely that the upper LVL itself can be explained by a serpentinite layer, as the reduced S-wave velocities associated with this are not seen in high resolution receiver function studies of the area (Yuan et al., 2000) .
We therefore propose the alternative explanation that the deep LVL can be explained by metastable lawsonite that persists into the stability field of eclogite phases due to a lack of activation energy to trigger the metamorphic reaction. In the subducted Nazca plate the lower part of the oceanic crust may remain unreacted even when the upper crust has been eclogitised as the activation energy required will be higher for the coarser grained gabbros of the lower crust. A similar deep LVL, proposed to consist of unreacted hydrated MORB is inferred from guided wave observations in Northern Japan (Garth and Rietbrock, 2014a) . In Japan however the unreacted layer is inferred to be ∼8 km thick, suggesting that the eclogite transformation is delayed for the whole of the oceanic crust. This is likely to be due to the much warmer P-T path that the subducting Nazca plate is exposed to, allowing the eclogite reactions to occur faster. Global studies of guided wave dispersion suggest that LVL of 2-8 km thickness may persist to depths >150 km, at several subduction zones in the Pacific (Abers, 2000 (Abers, , 2005 . This would imply that the delay in onset of the eclogite transformation may be a common feature in a broad range of subduction zone environments.
Constraining the hydration of the lithospheric mantle
Many studies have suggested that the lithospheric mantle is highly hydrated at the outer rise as the plate bends into the subduction zone. In Northern Chile this is evident from the reduction in P-wave velocity observed from active source seismic experiments at the outer rise (Ranero and Sallares, 2004) . Within this region it is also proposed that outer rise faults are reactivated in intermediate depth earthquakes, suggesting that these structures persist to these depths (Ranero et al., 2005) .
The results presented here provide the first direct evidence that normal fault structures may be present as distinct low velocity structures at intermediate depth within the subducted slab beneath Northern Chile. The low velocity fault structures are assumed to consist of serpentinised mantle material, surrounded by un-hydrated mantle. The seismic velocity of the serpentinised and un-serpentinised mantle is calculated for P-T conditions of the subducting Nazca plate in Northern Chile, as described above.
These velocities are then used to calculate the bulk serpentinisation, and therefore hydration of the subducted lithospheric mantle based on the average velocity of the faulted lithospheric mantle in the best fitting models. The observations suggest that the lithospheric mantle is highly hydrated by low velocity normal fault structures, and that the lithospheric mantle is on average 4.7-15.4% serpentinised. This compares to an estimated serpentinisation at the outer rise of 17.0% (Ranero and Sallares, 2004) .
Using the serpentinisation constrained in this study, and assuming that the water content of serpentinite is 12.3 wt% (Hacker and Abers, 2004) , and the thickness of the WBZ is 11 km, we calculate that the amount of water carried in the hydrated slab mantle is 13-42 Tg/Myr per metre of arc. These results therefore provide a unique in situ constraint on the hydration of the lithospheric mantle at these depths in the 44 Ma old subducting Nazca plate.
Water delivered beyond the main volcanic arc
As these features are constrained at 140-220 km depth, it is likely that much of the water carried in the serpentinised lithospheric mantle is transported beyond the volcanic arc, to the deeper mantle. The persistence of unreacted oceanic crust, forming the inferred LVL, suggests that mineral bound water in unreacted oceanic crust may also transport some water to the deeper mantle. The presence of mineral bound water beyond the main volcanic arc may account for deeper WBZ seismicity that is seen in this part of the oceanic crust. Water released from the eclogitisation of metastable oceanic crust at these depths may also account for the persistence of the high attenuation mantle wedge and associated volcanic activity seen anomalously far from the trench in this area (Schurr et al., 2003) .
Much of the water carried by the subducting Nazca plate is however carried by the serpentinised lithospheric mantle, and the cooler conditions in the centre of the slab may mean that much of this water is delivered to even greater depth within the mantle. The processes by which the water within the slab is retained or released beyond the stability field of serpentinite are not well understood. Potentially fluids released by the dehydration of serpentinite may be channelled up the subducted oceanic crust, and released to the mantle wedge (e.g. Hacker et al., 2003b; Faccenda et al., 2012) , though some fluids retained within the centre of the slab may be carried to the deeper mantle (Faccenda et al., 2012) . Alternatively high pressure hydro-silicates may provide a mechanism to transport some of the water as deep as the mantle transition zone (Rüpke et al., 2004) .
The observations presented here suggest that subducting oceanic plates of intermediate age, such as the Nazca plate are able to transport significant amounts of water beyond the volcanic arc, and potentially to the deeper mantle. However the results suggest that the lithospheric mantle of the 44 Ma Nazca plate is less hydrated than the 120 Ma subducting lithosphere studied in Northern Japan (Garth and Rietbrock, 2014b) . This is consistent with observations of hydration at the outer rise, where a lesser degree of serpentinisation is seen at young subduction zones such as the ∼14 Ma Central Chile (9% serpentinisation, Contreras-Reyes et al., 2007) , and 24 Ma Nicaraguan (12-17% serpentinisation, Contreras-Reyes et al., 2007; Ivandic et al., 2008) than at older subduction zones such as 90 Ma Tonga (25% serpentinisation, Contreras-Reyes et al., 2011) . Subducting plates with intermediate ages, such as the Nazca plate subducting beneath Northern Chile and the 50 Ma Pacific plate subducting beneath Alaska show similar serpentinisations of 16-17% (Ranero and Sallares, 2004; Shillington et al., 2015) .
These values are consistent with the upper end of estimated hydration produced here for the slab at intermediate depths, while the lower end of the estimates suggests that the slab is less hy-drated at these intermediate depths, than at the outer rise. The method used here is however primarily sensitive to the large scale structures, and potential smaller water bearing structures are not accounted for.
Conclusions
Guided wave observations suggest that low velocity structures related to hydration at the outer rise may be present in the lithospheric mantle at intermediate depths, in addition to a thin LVL previously inferred. Dispersed P-wave arrivals from earthquakes at a range of depths suggest that the low velocity structures are on average approximately 8.5% slower than the surrounding mantle material. The velocity of the thin LVL compares to velocities expected for lawsonite bearing MORB mineral assemblages at these depths. This suggests that a part of the oceanic crust may remain un-eclogitized to depths of at least 220 km. Our observations therefore suggest that most if not all intermediate depth WBZ earthquakes in the subducted Nazca plate may occur within close proximity to low velocity structures within the subducted slab.
The observation that hydration due to outer rise faulting persists to at least 220 km, combined with the observation that part of the hydrated oceanic crust remains unreacted to these depths suggest that significant amounts of water may be transported beyond the volcanic arc by relatively young plates such as the Nazca plate. The thinner WBZ, and lower serpentinisation inferred in the subducted Nazca suggest that younger plates transport less water to the mantle than older plates such as those seen in Northern Japan (Garth and Rietbrock, 2014b) , however plates of this age are still able to transport significant amounts of water to the deeper mantle. Given that nearly a third (32.5%) of oceanic lithosphere being subducted around the globe today is 40-60 Ma, hydrated oceanic plates, of this age can potentially account for a significant amount of the water that is delivered to the deep mantle.
